Knowledge of the time course of penile erection is very important to understanding erection physiology. The changes in the intracavernosal pressure (ICP) and the different phases of an erection are pivotal to the ability to produce and maintain a rigid penile erection. This study investigated an objective and low-invasiveness method for identifying different erection phases based on an innovative ICP analysis technique. Blood infuses into the corpora cavernosa and causes the ICP to increase. The ICP usually exhibits tiny oscillations at the frequency of the heartbeat when it increases from diastole to systole. The characteristic oscillation amplitudes corresponding to the period when the full and rigid erection phases begin can be extracted by power spectral density analysis. The reliability and accuracy of the proposed method was verified by the Bland-Altman graphs indicating a good agreement with the existing method that compares the ICP with the arterial pressure. Moreover, all of the intraclass correlation coefficient values were close to 1.00, with the lower limit of the 95% confidence interval exceeding 0.75. The described novel objective and low-invasiveness method can therefore be used for identifying the full and rigid erection phases of the penis in urological investigations during different erection phases.
Introduction
Penile erection is a sophisticated physiologic response that depends on the complex integration of various mechanisms-including local hemodynamic regulation, endocrine secretion and neurological activity-to control the arterial blood inside the penis so as to achieve an erectile response. 1 During erection, the intrapenile blood volume increases significantly and the intracavernosal pressure (ICP) reaches the systemic blood pressure, which induces both tumescence and rigidity in the penis. 2 Knowledge of the time course of penile erection is very important for understanding the erection physiology and for the development of anti-impotence drugs. The changes in the ICP and the different phases of an erection are pivotal in determining the ability to produce and maintain a rigid penile erection. 3, 4 The ICP corresponds to the vascular pressure recorded within the cavernous and spongious corporal bodies of the penis. The reported definition of the erectile phases in a rat model 5 is similar to those used in previous researches in monkeys. 2 A penile erection normally consists of five phases: latent, tumescence, full erection, rigid erection and detumescence. 2 In the latent phase, the flow in the internal pudendal artery increases but the ICP remains at the flaccid level. In the tumescence phase, the ICP increases gradually until full erection is achieved. In the full erection phase, the ICP increases to the mean blood pressure to achieve a full erection state, rising to a value very close to the systolic blood pressure (SBP). 6 Thus, the start time of the full erection phase is defined as the point when the ICP equals the mean arterial pressure (MAP). The rigid erection phase that ensues after full erection is usually very short, during which the ICP rises well above the SBP and results in complete penile rigidity. The ICP is able to increase above the SBP due to ischiocavernous and bulbocavernous muscle contraction. 2 The start time of the rigid erection phase is thus defined as the point when the ICP equals the SBP. The last state is the detumescence phase, which involves contraction of the penile smooth muscles and is associated with a rapid ICP decline. At the end of the erection process the penis finally returns to its flaccid length and girth. 7 Two methods are commonly used to determine the different erection phases: (1) the use of the unaided eye to determine the angle of penile erection for phase estimation, which is dependent on the investigator's subjective judgment and experience 8 and (2) comparing the ICP with the MAP and SBP to estimate the occurrences of the full and rigid erection phases. 9 Each of these two methods has disadvantages, with the former being easily distorted due to its reliance on subjective judgment, and the latter requiring the invasive and continuous measurement of arterial blood pressure using an arterial catheter method, which involves a special technique and the continuous infusion of an anticoagulant to avoid blood clotting. The latter method also has the potential for infection, 10 and requires arterial surgery and maintenance of the long-term physiological stability of the animal.
Recent studies of long-term treatment and observations of drug-related behavior have indicated the importance of investigating the effect and tolerability of anti-impotence drugs in the same animal. During such investigations it is necessary to minimize injury to the experimental animal as far as possible.
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Lowinvasiveness surgery is beneficial to maintaining the physiological stability of the animal over a long period while monitoring possible drug reactions. 12, 13 Furthermore, some urological researches are designed to determine the role of testosterone and nitric oxide in the maintenance of the erectile response in rats. 9, 14 Such investigations require an index that reflects the erectile state. For this reason, precise identification of the erection phases in animal models can be used to investigate erectile physiology during different erection phases and to ensure that experimental procedures (for example, drawing blood or applying electrical neurostimulation) are applied during the correct experimental periods. Therefore, this study investigated a novel objective and low-invasiveness method for identifying different erection phases based on an innovative ICP analysis technique. Our method eliminates the need for arterial catheter surgery in animal experiments, and all of the required data are obtained from ICP measurements, which simplifies the preparatory animal surgery relative to existing methods.
Methods
Principle used to identify the erection phase Sexual stimulation can trigger the release of neurotransmitters from cavernous nerve terminals, which results in the relaxation of cavernous smooth muscles and dilation of the arterioles and arteries, thereby increasing blood flow. Blood flowing into the corpora cavernosa is compressed by the tunica albuginea to increase the ICP. 2, 7 The ICP also exhibits oscillations between diastole and systole, 2, 15 which is analogous to the cuff-pressure oscillations used to measure blood pressure. 16 We attributed this oscillation to the tunica albuginea acting similarly to a cuff.
Studies of the cuff-pressure method have shown that the maximum oscillation amplitude is close to the MAP. 17 Similarly, we assumed that the ICP oscillation amplitude is maximal when the ICP is very close to the MAP, and this can be used to determine the start time of the full erection phase. However, the oscillation amplitude should be a minimum when the ICP is close to the SBP, in which case the flow in the internal pudendal artery is almost zero and the flow in the cavernous artery is not measurable. 2 This can be used to determine the start time of the rigid erection phase.
These oscillations of the ICP have different amplitudes during different erection phases caused by blood-flow infusion. However, frequency analysis of the ICP will reveal the oscillation amplitude as a dominant spectral component within the frequency range of the heartbeat, and its power will vary in time with the oscillation amplitude of the ICP. We can therefore identify the different erection phases by monitoring temporal alterations of the integrated values of the components within the heartbeat frequency range (2.4-8.0 Hz) in the ICP frequency spectrum (referred to here as the power variation of the ICP spectrum). We hypothesize that the relationship between the erection phase and the temporal power variation of the ICP spectrum is as demonstrated in Figure 1 . Figure 1a shows the phases of penile erection reported in monkeys, 2 and Figure 1b shows the temporal power variations of the ICP spectrum during different erection phases. The power variation will be maximal when ICP is close to MAP and will be a minimum when ICP is close to SBP.
Animal experiments to verify the proposed method
The animal model of Chen et al. was adopted. 4 In the experiments, 21 adult male Sprague-Dawley rats (300-500 g) were anesthetized with tiletamine (Zoletil; 100 mg kg À1 ) and xylazine (20 mg kg À1 ) i.p., and anesthesia was maintained during the experimental protocol by continuous i.v. infusion with pentobarbital sodium at 2 mg kg À1 h À1 . This protocol maintained anesthesia while preserving the capacity for cardiovascular regulation. The rats breathed spontaneously and were placed on a heating pad to maintain their body temperature at 37 1C during the experiments.
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To compare the ICP, MAP and SBP, an arterial catheter method was adopted for directly measuring the arterial blood pressure. The femoral artery and vein on one side were cannulated with a PE-50 catheter filled with heparinized saline (200 U ml À1 ). The arterial catheter was used to continuously measure the arterial blood pressure, and the vein catheter was used to administer the anesthesia drug. The skin overlying the penis was incised, and the prepuce was degloved to fully expose both corpora cavernosa. A 26-gauge needle was carefully inserted into the corpus cavernosum on one side to measure the ICP. The ICP and arterial blood pressure were measured using pressure transducers (P23 ID; Gould Statham, Oxnard, Ca, USA) and preamplifiers (Gould Instruments, Cleveland, OH, USA). All recorded ICP and blood pressure signals were sampled at 1024 Hz by a 16-bit analog-to-digital converter card (NI-DAQ 6254; National Instruments, Austin, TX, USA) and stored on a personal computer.
Papaverine hydrochloride was used to induce ICP variations and the full and rigid erection phases, because detailed investigations of this drug have demonstrated that it induces effects similar to those induced by cavernous nerve stimulation in rats. 4, 18 In our research we used rapid papaverine administration to induce the physical pressure of the rigid erection phase in rats. Papaverine hydrochloride (0.4 mg in 0.1 ml) was administered intracavernously via the ICP recording needle. 4 The protocol of the animal experiments was approved by the Institutional Animal Care and Use Committee of Taipei Veterans General Hospital, Taipei, Taiwan.
Intracavernosal pressure analysis to identify the erection phase
The ICP recorded in the animal experiments was divided into 16 s segments (16 000 data points) using a sliding window for the calculation of power spectral density. Each segment overlapped the previous segment by 50%. The linear trend within each time window was removed to avoid its contribution to the very-low-frequency power, 19 and a Hamming window was applied in the time domain to attenuate the leakage effect. 20 The application of a windowing function in signal processing involves adding zero values outside of a particular chosen interval. When a signal (for example, the ICP) is multiplied by a window function, the product will also be zero valued outside the interval. Signals with abrupt onset and terminations will contaminate the results of spectral analysis, 21 and hence a Hamming window is often applied to produce a curve with smooth transitions.
The ICP power spectral density was calculated using the fast Fourier transform, which is an efficient algorithm for transforming a fluctuating time series signal into its frequency elements by computing the power (amplitude squared) of the signal components within certain frequency bins. In 
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W-R Han et al the time domain, variance is the estimated value of the squared deviation and as a measure of variability is quantitative and robust. However, as this does not allow analysis of variability in the frequency domain, a Fourier transform is typically applied. The power variation of the ICP spectrum within the frequency range of 2.4-8.0 Hz was analyzed because this corresponds to the range of the rat heart rate. 22 Continuous application of this analysis procedure revealed temporal power variations of the ICP spectrum during the experiments. All algorithms for the ICP analysis were developed in LabVIEW 8.2 (National Instruments).
Statistical analysis
Statistical analyses were applied to the experimental data to verify the consistency between the proposed method and the existing method using the standard statistical software SPSS (version 15.0). The start times of the rigid and full erection phases were displayed in box plots, and their consistency was tested using the Bland-Altman agreement test and the intraclass correlation coefficient (ICC).
Bland-Altman agreement test
The mean start times from both methods were plotted against differences between the two methods on the x and y axes, respectively. This BlandAltman graphical representation allows both the relationship strength and the extent of agreement to be visualized. 23 For example, two methods with a high correlation but poor agreement can be displayed on a Bland-Altman graph. Figure 2 shows typical recordings of the MAP, arterial blood pressure, ICP and power variation of the ICP spectrum. The ICP was measured from the flaccid state (baseline ICP), and papaverine (0.4 mg) was injected about 3 min later. When the power variation of the ICP spectrum was maximal, the ICP (83.6 mm Hg) was close to the directly measured MAP (83 mm Hg), and when the power variation was a minimum after papaverine administration, the ICP (106.1 mm Hg) was close to the directly measured SBP (109.7 mm Hg). Figure 3 shows box plots summarizing the data obtained using the two methods. The existing method (the standard ICP equals the direct SBP) defined the start of the rigid erection phase when the ICP was 112.94±18.46 mm Hg (mean±s.d.; median was 109.06 mm Hg and range was 83.69-147.60 mm Hg). Our proposed method defined the start of the rigid erection phase when the ICP was 109.69±17.61 mm Hg (median was 103.47 mm Hg and range was 82.90-139.32 mm Hg; Figure 3a) .
Results

Box-plot summaries
The existing method (the standard ICP equals the direct MAP) defined the start of the full erection phase when the ICP was 83.95 ± 16.21 mm Hg (median was 81.00 mm Hg and range was 62.02-118.51 mm Hg). Our proposed method defined the start time of the full erection phase when the ICP was 84.32 ± 14.29 mm Hg (median was 81.25 mm Hg and range was 63.27-112.18 mm Hg; Figure 3b ).
Bland-Altman agreement test
The degree of agreement between two methods was assessed using Bland-Altman analysis. The BlandAltman plot in Figure 4a shows that the difference in the start time for the rigid erection phase was -3.25±4.44 mm Hg, with the limits of agreement being between -11.95 and 5.46 mm Hg. The difference in the start time for the full erection phase was 0.37±3.76 mm Hg, with the limits of agreement being between -7.00 and 7.73 mm Hg (Figure 4b ).
Intraclass correlation coefficients
The high consistency between the proposed and existing methods was indicated by ICC ¼ 0.97 (95% CI: 0.93-1.00) for the rigid erection phase and ICC ¼ 0.97 (95% CI: 0.93-1.00) for the full erection phase (Table 1) .
Discussion
Identifying the erection phase is important in investigations of erectile physiology during different erection phases. The study has proposed a novel objective and low-invasiveness method for identifying different erection phases based on an innovative method of ICP analysis. The method analyzes the oscillations in the amplitude of the ICP to successfully identify the full and rigid erection phases. Our new method provides two major advantages: (1) it avoids relying on the subjective judgment of an investigator to identify the erection phase and (2) it Figure 3 Box-plot summaries of the proposed and existing methods for the intracavernosal pressure (ICP) during the rigid erection phase (a) and the full erection phase (b). The horizontal line represents the median, the box encompasses the 25th to 75th percentiles, and the error bars encompass the 2.5th to 97.5th percentiles.
ICP analysis for erection phase identification W-R Han et al eliminates the need for arterial catheter surgery in animal experiments, which reduces surgical complications and makes it easier to maintain the physiological stability of the animal. Our method therefore has potential applications in the erectile physiology during different erection phases. The proposed method was verified by animal experiments. The typical recordings made during an animal experiment in Figure 2 show that the minimum and maximum powers of the ICP spectrum occur when ICP is close to SBP and MAP, respectively, as we had assumed. The minimum and maximum power variations were assessed after the flaccid phase. In the flaccid state (before papaverine injection), the power variation of the ICP spectrum appeared very small and close to zero, the ICP being too small to respond to oscillations. The experimental results presented here in box plots clearly demonstrate the excellent correspondence between the proposed and existing methods. Moreover, Bland-Altman graphs indicate the good agreement between the two methods because the difference scores were normally distributed with a mean close to zero and the limits of agreement were also sufficiently small. Furthermore, the ICC reflects both the degree of correspondence and agreement among ratings. A previous study indicated that ICC values above 0.75 indicate adequate test-retest reliability. 24 For clinical measurements, reliability indices should exceed 0.90 to ensure reasonable validity. 25 Lee et al. 26 considered that the lower limit of the 95% CI for ICCs should be greater than 0.75. The results of this study indicated that all of the ICC values were close to 1.00, with a lower limit of the 95% CI greater than 0.75. These values indicate that the proposed method produces the same results as the existing method.
The existing method measures the arterial blood pressure using an arterial catheter method that readily causes blood clotting and produces errors in erection phase identification. In contrast, the proposed method eliminates the need for arterial catheter surgery in animal experiments and avoids blood-clotting errors by using ICP signal characteristics to identify the erection phase. The proposed method could be implemented in real time during experiments so as to yield the power variation of the ICP spectrum every 16 s.
One limitation of this study should be noted. As drug administration was used to induce ICP variation, the complete erection course from the latent phase to the rigid erection phase was not induced. However, this does not affect the verification of the ability of the proposed method to identify the rigid and full erection phases. A future study could evaluate the complete erection course using electrostimulation of the cavernous nerve 18, 27 or chemical activation of the paraventricular nucleus of hypothalamus. 28, 29 Conclusions In summary, this study has verified the accuracy of a novel objective and low-invasiveness method for identifying the full and rigid erection phases. The method could be used in urological research to measure the ICP, and in the erectile physiology during different erection phases. ICP analysis for erection phase identification W-R Han et al
